Four elaborate membrane complexes carry out the light reaction of oxygenic photosynthesis. Photosystem I (PSI) is one of two large reaction centres responsible for converting light photons into the chemical energy needed to sustain life. In the thylakoid membranes of plants, PSI is found together with its integral light-harvesting antenna, light-harvesting complex I (LHCI), in a membrane supercomplex containing hundreds of light-harvesting pigments. Here, we report the crystal structure of plant PSI-LHCI at 2.6 Å resolution. The structure reveals the configuration of PsaK, a core subunit important for state transitions in plants, a conserved network of water molecules surrounding the electron transfer centres and an elaborate structure of lipids bridging PSI and its LHCI antenna. We discuss the implications of the structure for energy transfer and the evolution of PSI.
T he light reactions of oxygenic photosynthesis determines the composition of the Earth's atmosphere and surface. Two large reaction centres are essential parts of the light reactions and convert absorbed photons into chemical energy. PSII produces the oxygen in the atmosphere and PSI generates the most negative potential in nature and thus largely determines the global amount of enthalpy in living systems. Oxygenic photosynthesis evolved over 3 billion years ago in primordial cyanobacteria-like organisms [1] [2] [3] . Later, approximately 1.5 billion years ago, the first photosynthetic eukaryotes appeared, eventually evolving into land plants roughly 0.5 billion years ago 4 . The basic building blocks of photosynthesis are remarkably conserved. The architectures of both photosystems have been determined by numerous techniques [5] [6] [7] . The highest resolutions have been obtained from thermophilic cyanobacteria, but representative structures from eukaryotic chloroplasts, especially plants, are scarce [8] [9] [10] [11] . The first crystal structure of plant PSI was reported in 2003 at 4.4 Å resolution 9 and recently was improved to 2.8 Å resolution 12, 13 . The plant PSI-LHCI supercomplex consists of 16 subunits, which coordinate 192 light-harvesting pigments. In spite of this remarkable complexity, the quantum efficiency of this pigment network is close to unity 14 . This high quantum efficiency probably emerges from the orientation of the pigments for optimum energy transfer, and from the interaction of the pigments with the supporting protein environment. In nature, the amount and quality of light available to the organism constantly changes. Plants adapt by changing the antenna-reaction centre association in a process called state transitions, or by dissipating excess energy using non-photochemical energy quenching pathways 15 . These dynamic aspects of light harvesting are challenging to decipher structurally. Herein, we report the crystal structure of the plant PSI-LHCI supercomplex at a resolution of 2.6 Å. To achieve this result, we used extremely high data multiplicities, which allowed us to recover phase information from the native atoms of the complex. The PSI-LHCI structure contains an almost complete description of PsaK, a subunit present in all known PSI complexes and is important for state transitions. An elaborate network of water molecules surround the highly conserved iron-sulfur clusters. Additionally, more than 35 lipids are present and connect the two large membrane complexes. Using Förster energy transfer calculations, we determined the most important pigment pairs responsible for energy transfer between LHCI and PSI. These connections may be crucial for the regulation of excitation energy transfer between the two complexes.
Results and discussion
Single-wavelength anomalous diffraction phasing of PSI-LHCI. To get the most accurate measurement of an anomalous signal, it is vital to obtain highly redundant data. This outcome can be achieved using a low radiation dose, multi axis data collection strategy 16 but this strategy proved to be problematic in the case of PSI crystals which typically diffract to medium/low resolution (see Supplementary Table 1 for a representative data set). Instead, we generated a large number (179) of partial datasets collected at medium beam exposure and assembled them into a large, highly redundant dataset. Clustering analysis of this large collection led to a merged dataset composed of 159 individual datasets with an overall multiplicity of 320 ( Supplementary Fig. 1b) . The phase estimates from this dataset were accurate enough to solve the structure and proved to be important up to the final steps of refinement. To obtain a high-resolution dataset, a similar, multicrystal approach was applied on a smaller collection of crystals diffracting to high resolution. The final, high-resolution dataset was assembled from ten different crystals, which formed a tight cluster with small cell variation and extended to a resolution of 2.6 Å (Supplementary Tables 1 and 2) .
To summarize, the large number of ligands together with the inherent flexibility of the PSI-LHCI supercomplex resulted in the deterioration of weak, high-resolution, diffraction data. Carefully merging data from multiple crystals allowed us to recover this weak signal and solve the structure of this large membrane complex to a resolution of 2.6 Å (see Supplementary Fig. 3 for samples from the electron density map). The final model contains 16 protein subunits, 240 ligands (for a comprehensive list see Supplemental Table 3 ) and more than 200 water molecules (Fig. 1a) . unchanged between cyanobacteria and higher plants 9, 12, 13 . Without a doubt, this structural conservation is related to the large network of light-harvesting pigments supported by the protein subunits, which restricts evolutionary plasticity. Within this network, the pigmentpigment distances and orientations are crucial for carrying out the main function of PSI: to efficiently transfer the energy of each absorbed photon to the electron transport chain (ETC) located in the centre of the complex. To a good approximation, the configuration of these ∼100 light harvesting pigments evolved 3 billion years ago and did not change any further.
The most conserved region of PSI surrounds its three iron-sulfur clusters. The first of these redox centres, F X , is coordinated by the two large subunits of PSI, PsaA and PsaB. Structures from both mesophilic and thermophilic cyanobacteria revealed that the environment surrounding F X is conserved down to the surrounding water molecules 8, 17 . Here we show that the plant F X is encapsulated by a water layer, and most of it is conserved in cyanobacteria. Importantly, this water shell extends into the highly hydrophobic membrane space (Fig. 1b) . The inclusion of any polar substance in this region must overcome a high-energy barrier. This water shell surrounds four salt bridges, two of them extending into the membrane space ( Supplementary Fig. 4 ). The positions of the various co-factors in the two branches of the ETC are highly similar, but the electron transfer rate to F X from the two quinone donors, Q1 A and Q1 B , differs by an order of magnitude 18 . Figure 1c shows the F X proximal water molecules: the 2.5 Å PSI structure from thermophilic cyanobacteria 8 contains 22 water molecules in the vicinity (8 Å) of F X and the current plant structure contains 16 water molecules. More than half of these water positions (11) are conserved between these two complexes and a similar pattern was also observed in PSI from mesophilic cyanobacteria solved at a resolution of 2.8 Å
17
. The spatial distribution of these conserved waters is not random; the conserved positions clearly lie at the 'bottom' (membrane buried) half of the F X water shell and occupy the space separating the quinone electron donors and F X (Fig. 1b) . The quinone bound by PsaA, Q1 A , is in close contact with a larger number of these conserved waters than Q1 B and this may account for the slower rate of electron transfer observed between this quinone and F X . It is not possible to accurately determine the orientation of these waters; they are mainly coordinated by interactions with the protein backbone. Their effect on the electron transport rate may stem directly from their interaction with Q1 A , for example by raising its redox potential. Alternatively, they may affect the dielectric properties of the space between F X and Q1 A , which may be more polar then assumed in calculations, or interact with F X directly, lowering the energy barrier associated with electron transfer. Future experiments are needed to distinguish between these alternatives.
The structure of Psak suggests alternative conformations. The plant PSI is organized as a supercomplex of LHCI and the core PSI. Two similar core subunits, PsaK and PsaG are located at the two 'corners' of PSI and form two attachment points for LHCI (Fig. 2a) . Determining the point of divergence between PsaK and PsaG is not trivial. Both subunits are clearly related, as shown by both their sequence and structural similarity (Fig. 2b) . Moreover, the location of PsaG and PsaK in the entire PSI complex is related by a two-fold rotational symmetry, similar to the symmetry relationship between the two large subunits of the complex, PsaA and PsaB (Fig. 2a) . This configuration suggests that the PsaG/PsaK divergence point occurred relatively early in the evolution of PSI, while the binding surfaces for the duplicated subunit on the large subunits, PsaA and PsaB, were still very similar. Regardless of when the point of divergence occurred, the ancestral form of the plant PSI probably contained both PsaG and PsaK at its periphery. PsaK is present even in the minimal PSI operon discovered in marine viruses, suggesting that this subunit serves an important function 19 .
In response to changes in light quality, photosynthetic organisms can modulate the distribution of antenna subunits in a process called state transitions 15 . In plants lacking PsaK the transition into state II, where PSI is connected to additional antennae, is delayed, suggesting that PsaK plays a role in the process 20 . In accordance with these studies, low-resolution electron microscopy studies identified the binding site of the state II antennae on the PsaK side of PSI 21 ( Fig. 2a) . However, the structure of the PsaK subunit was never fully resolved, even in high-resolution structures from thermophilic cyanobacteria. In contrast, the structure of PsaG, the close homologue of PsaK, was fully resolved in the two recent structures of the plant PSI-LHCI 12, 13 . One explanation for this difficulty is that PsaK can adopt several conformations and this may be related to the fact that it serves as a binding surface for LHCII during state II transition. Here we present a nearly complete PsaK structure containing all but four amino acids.
The structure reiterates the similarity between PsaK and PsaG, which is especially noticeable around the transmembrane helices of the two subunits. The structural similarity is extended to pigments as well. Figures 2b,c show that on one side of both subunits we observe highly similar pigment arrangement, whereas substantial divergence occurred on the other side. This pattern of conservation reiterates the different functional surfaces of these subunits; PsaG binds lhca1 through this conserved surface and PsaK presumably binds the state II antenna (Fig. 2) . The stroma-facing loops of both subunits diverged considerably (Fig. 2b,c) ; however, the region just preceding the second transmembrane helix is highly conserved (Fig. 2b ). One noticeable difference is that two salt bridges stabilize the PsaG conformation; one of them is buried within the membrane space ( Fig. 2c ). In contrast, in PsaK, one salt bridge is complete and appears very similar to the PsaG conformation, but only the negatively charged side chain (Asp 102 in PsaK) of the second salt bridge is present in the PsaK sequence (Fig. 2c) . In PsaG, the positive charge of the second salt bridge is donated from an arginine residue (Arg 84) positioned in a unique portion of PsaG and not present in PsaK. Close examination of the PsaK structure revealed a solvent exposed arginine residue (Arg 76) in close proximity to the positive charge donor of the PsaG salt bridge (Fig. 2c) . The current configuration prevents the formation of a second salt bridge in PsaK.
However, we suggest that PsaK can undergo a large conformation change, completing this second salt bridge. This alternative configuration can explain why PsaK is poorly resolved in the state I complex (all known structures of PSI-LHCI) and may play an important role in stabilizing the state II complex.
Lipid structure. The thylakoid membrane has an unusually high number and distribution of polar lipids 22 . This unusual composition contributes to the unique properties of the thylakoid membrane such as high protein content, high fluidity and strong curvature. A side view to the entire complex reveals a marked asymmetry in the distribution of lipids (Fig. 3 ). In the PSI core complex, all of the lipids are found in the stromal side of the membrane. The PSI core sites are conserved 8, 17 and are mostly occupied by phospholipids 8, 17, 23 . This asymmetry, together with their high conservation, may reflect a role for these lipids in the assembly and membrane insertion of the large core subunits, processes that are still poorly understood 24 .
In addition to these highly conserved core positions, 36 lipids and detergent molecules were identified in the current structure. In some regions, a continuum of membrane structure is apparent between PSI and LHCI for the first time (Fig. 3b,c) . In line with the lipid content of the thylakoid membranes, monogalactosyldiacylglycerol (MGDG) makes up close to 50% of the identified lipids 25 . In the stromal regions of the gap separating PSI and LHCI, two regions of closely packed MGDGs are easily identifiable. In some cases (7 out of 19), we can only observe clear electron density for the head group of the lipid. Strong hydrogen bonds between the head groups of MGDG were proposed previously and are now clearly observed in these lipid clusters 26 ( Fig. 3b) . The absence of electron density for the acyl chains of these lipids probably reflects their high degree of unsaturation as well as the fact that they are no longer coordinated by proteins, but rather by adjacent lipids. Volumes with little or no electron density separate PSI and LHCI where the distance between the complexes is relatively large (Figs 1a and 7b ). The present structure shows that this stems mostly from the large separation between the complexes and not from some inherent property of the luminal or stromal side of the membrane, as both membrane leaflets are equally visible when protein subunits are sufficiently close to each other. This suggests that the large luminal gap is functionally important and we previously suggested that this volume is important to modulate the flow of excitation energy from LHCI to PSI 12 . A hinge model for light-harvesting complex oligomerization. All of the green lineage eukaryotic antenna proteins belong to the lightharvesting complex (LHC) family, which contains more than ten distinct members 15, 27 . The structures of seven LHC proteins are known (lhcb1∼3, CP29, CP26 and lhca1-4). A clear conclusion from the similarity of these structures is that the functional differences between the various LHCs are not accompanied by large structural changes.
An important attribute of LHCs is their oligomeric state. The most common of all LHC proteins, Lhcb1-3, is arranged as a trimer of highly similar subunits in the LHCII antennae (Fig. 4b) . The minor lhcb's (CP24, CP26 and CP29) are found as monomers, mostly associated with PSII, but in some cases also with PSI 28 . Finally, the plant LHCI, comprising four lhcas, is best described as a dimer of dimers (Fig. 4a,b) . The individual amino (N)-terminal domains form the main interaction sites in both LHCI and LHCII 12, 29 . One might expect that a simple change in the orientation of this conserved N terminus would be sufficient to 'open' the trimer arrangement and allow lhca1-4 to form the more open LHCI crescent shape (Fig. 4a) . This simple change is prevented because the N terminus is not only a protein-protein interaction domain but also binds the L2 carotene and two chlorophyll molecules (positions 604 and 609) (Fig. 4c,d , pigment nomenclature follows ref. 30 ). These interactions restrict the movements of the N terminus. Instead, the structural detail that distinguishes trimeric LHCs from dimeric/monomeric LHCs is a short extension at the carboxy (C) terminus of the second transmembrane helix. This one-turn extension, common to all variants of lhca as well as to CP29, sterically prevents the second helix from being tucked under the N terminus (Fig. 4c,d) . A closer examination of this extension clearly shows that CP29 and lhca1 share a common structure, whereas lhca2-4 belong to a different structural class. These similarities suggest that the CP29 and lhca1 point of divergence predates the evolution of lhca2-4 27 . The recent structure of the plant PSII structure 11 includes the seventh LHC family member, CP26. Interestingly, CP26 appears to contain a LHCII type fold in this region. This may provide a binding interface to an additional antenna that connects to PSII in vivo. The changes in the oligomeric state should be correlated with differences in excitation energy transfer. The arrangement of lhcas in the PSI-LHCI complex is consistent with the location of their terminal emitter (red pigments) proximal to the PSI core, while the LHCII antenna terminal emitter should be located at its outer surface, a position suitable for inter-complex energy transfer.
Adaptations in LHCI pigment organization. There is a striking inverse correlation between the connectivity of lhca subunits to the PSI core and their chlorophyll b content. Both lhca4 and lhca2, which are relatively disconnected from the PSI core, have a higher content of chlorophyll b. The two partners of each lhca heterodimer (Fig. 5a,b) are separated by chlorophyll b molecules, a configuration that probably contributes to the observed dynamics of energy transfer, which favours energy migration towards the red emitter 31 . The common core of LHC proteins contains a crossed pair of homologous transmembrane helices binding two carotenoids and six chlorophyll molecules. The most important difference separating lhcas from lhcb1-3 is the binding of chlorophyll a at position 612. Together with the closely coupled chlorophyll at position 605, these make up the red emitter in all lhca proteins 32-35. This selectivity for chlorophyll a results from a glutamine to glutamate change common to all lhcas. Surprisingly, at the current resolution, electron density maps suggest that position 612 of lhca1 can be occupied by a chlorophyll b molecule. Clearly, the added negative charge of glutamate 138 (replacing glutamine 131 in lhcb sequences) at this position does not provide absolute selectivity (Fig. 6d) , especially given the relatively large distance of 4.5 Å (compared with 3.2 Å in lhcb) separating the chlorophyll and glutamate oxygen atoms (Fig. 6d) . This large separation suggests that an additional ligand, possibly a water molecule, is involved, however at the current resolution this is not observed. Mutational studies in lhca1 showed that mutating the coordinating residue of position 605 resulted in a loss of a chlorophyll a/b heterodimer from lhca1; these studies can now be interpreted as showing that positions 605 and 612 bind co-dependently to the lhca1 apo-protein 36 .
An examination of all the ligands of the chlorophyll b aldehyde group in the structure reveals a combination of polar and hydrophobic interactions at each site, realized in several distinct ways ( Fig. 6a-c; Supplementary Fig. 5c,d ).
LHCI-PSI core energy transfer junctions. The most surprising finding from the recent PSI-LHCI structures is the low number of connecting pigments between LHCI and the core. Only 11 pigments in LHCI lie at reasonable distances to mediate energy transfer to the PSI core. Furthermore, two of these sites are occupied by chlorophyll b. The extremely fast energy transfer from chlorophyll b to chlorophyll a is well suited to the role of chlorophyll b as an accessory pigment for light harvesting, but it cannot explain how chlorophyll b can bridge two chlorophyll a pigment clusters such as LHCI and the PSI core (Fig. 4 ). Förster energy transfer is a simple and generally accurate theory to estimate the rate of energy transfer between two pigments provided that pigment-pigment interactions are small 37 . We calculated the Förster energy transfer rates between all pigment pairs in PSI-LHCI to identify the most significant pairs for excitation energy transfer. Our calculations are based on estimations of parameters made by Gradinaru et al. 38 and treat all chlorophylls equally, as either chlorophyll a or chlorophyll b, without taking individual site energies into account.
In general, we find that the half-lives of energy transfer between individual lhca chlorophylls and core chlorophylls are in the picoseconds time scale (Table 1) , which fits well with experimental observations 39 . The calculated rates can be easily scaled by the value of the refractive index and are mostly important for comparison between pigment pairs. Figure 7 shows individual transfer rates as red lines with the line thickness linearly scaled to each rate. It is clear that the bulk of excitons transfers through the multiple connections that exists between the chlorophyll clusters located at lhca1 and lhca3 and enters the core through opposite clusters located on PsaB and PsaA. Surprisingly, two sub-picosecond rates were calculated between pigment pairs located at the luminal side of the membrane (Fig. 7) . These pairs connect lhca1-position 614 (unique to lhca1) to a PsaF coordinated chlorophyll and lhca3-position 610 to a PsaA coordinated pigment. Whereas the calculated values appear faster than the energy migration rates between LHCI and PSI (probably as a result of a slight overestimation of the refractive index), they still identify these two pairs as significantly faster than other connections (Table 1) .
One of the distinguishing features of the PSI-LHCI complex is the large gap separating the two sub-complexes facing the luminal space. In contrast to the stromal side connections between the two sub-complexes, which are rich in protein-protein interactions, the luminal side contains no such connections between LHCI and PSI 12 . A comparison of the two recent crystal structures of the PSI-LHCI (obtained under different conditions) reveals that despite the lack of stabilizing connections, the position of the luminal pigments and protein loops remains fixed. Thus, we do not attribute these extremely rapid transfer rates to artefacts of crystallization. LHCI seems to be more disordered than the PSI core, as is indicated, for example, by the higher B-factor in LHCI compared to the PSI core. The B-factor is a measure of the mobility of individual atoms and for LHCI, the average B-factor is 115 Å 2 whereas the PSI core averages around 80 Å 2 . It is therefore possible that small variations in the distance between these fast pigment pairs affect the transfer rate, which scales inversely to the sixth power of the distance between the pigments in Förster's theory (see Supplementary  Information for definitions) . Taking only the present structural data into account, the luminal connections are especially important for energy transfer between LHCI and PSI. Our analysis is limited to LHC-PSI pigment pairs and does not take into account the energy transfer processes within individual antenna proteins. Clearly, these processes play an important part in determining the energy flow from LHCI to PSI (in which red pigments play an important role) and potentially mitigate the very fast rates calculated for the two luminal pigment pairs.
Summary. We describe in molecular details one of the most complex assemblies in biology. The precise spatial relationships between the different components of PSI-LHCI is of paramount importance to its function. This new structure of the plant PSI-LHCI takes us a step closer to a full structural description of this remarkable molecular machine which is a first and essential step towards a full theoretical understanding and manipulation.
Methods
Purification of plant PSI. Pea seeds (Pisum sativum var. Kalvadon) were washed with running water for 6-8 h and seeded in a vermiculite tray. Plants were germinated in the dark at 22°C for 5 days and then grown for 14 days in 16/8 hour light/dark cycles. After germination, the plants were grown for an additional ten days under cool-white fluorescent light at a photon flux density of 90-130 µE m
in a 14 h light/10 h dark cycle at 22°C. Approximately 200 g of leaves were ground for 25 s in a blender with 1,000 ml of ice-cold solution containing 0.4 M sucrose, 15 mM NaCl, 30 mM Tricine-NaOH (pH 8), 1 mM PMSF, 15 µM leupeptin and 1 µM pepstatin A. The slurry was filtered through eight layers of cheesecloth and chloroplasts pelleted by centrifugation at 1,000g for 9 min. The pellet was suspended in 500 ml of hypotonic medium (10 mM Tricine-NaOH, pH 8) to disrupt the chloroplasts. Thylakoids were collected by centrifugation at 12,000g for 10 min and resuspended in 500 ml of buffer containing 10 mM Tricine-NaOH (pH 8) and 150 mM NaCl. The thylakoid membranes were then pelleted at 8,000g for 10 min and resuspended in a minimal volume of STN2 buffer (0.4 M sucrose, 20 mM Tricine-NaOH, pH 8). The thylakoid concentration was adjusted to 3 mg of chlorophyll per ml and 0.4% n-dodecyl-α-D-maltoside added. This concentration of detergent selectively extracts the ATP synthase, b6f, and PSII complexes. After 5 min incubation on ice, the detergent-treated thylakoid membranes were collected by ultra-centrifugation at 200,000g for 30 min. The pellet was resuspended in a minimal volume of STN2 buffer, adjusted to 3 mg chlorophyll per ml, and stored at −80°C.
Frozen thylakoid membranes (20-25 ml) containing 3.0 mg of chlorophyll ml In each row of the Pigment pair column, on either side of the arrow, the first value represents the chain (1-3 for Lhca1-Lhca3, A-K for PasA-PsaK) and the second value represents the residue number (for example, 3 604 is pigment number 604 in Lhca3). The K-factor is the square root of the dipole orientation factor as described in Methods section. Table 1 for values).
sucrose gradient containing the same buffer and centrifuged using the SW-40 rotor (Beckman, Inc.) at 37,000 r.p.m. (170,000g) for 16 h. The wide green band containing PSI was collected and loaded onto a second DEAE-cellulose column (0.5 × 4 cm 2 ) pre-equilibrated with 15 mM Tricine-Tris (pH 8.0) and 0.05% DDM, mainly to concentrate it for a second sucrose gradient. PSI was eluted with 230 mM tetraethylammonium chloride. The collected dark green fraction was applied to a 10-35% sucrose gradient and centrifuged at 57,000 r.p.m. (330,000g) for 4 h using an SW-60 rotor (Beckman). Purified PSI appeared as a dark band in the middle of the tube, but only the central part of the band was collected. The material was precipitated with 15% PEG1500 and 100 mM tetraethylammonium chloride and centrifuged at 10,000g for 4 min. The pellet was dissolved in a solution containing 2 mM Tricine (pH 8.75) and 0.02% n-dodecyl-β-D-thiomaltoside (DTM, Glycon, Inc.) and adjusted to a chlorophyll concentration of 2.5 mg ml -1
. PSI crystallization and cryogenic protection. Crystallization was performed manually in 24-well plates using the sitting drop variant of the vapour-diffusion technique at 4°C (Charles Super Company). Aliquots (6-8 µl) of PSI solution were mixed with equal volumes of reservoir solution (50 mM di-potassium phosphate, 50 mM Tris (pH 8), 12-17% PEG400, 1% glycerol, 2 mM L-glutathione and 0.03% octyl glucose neopentyl glycol) and equilibrated against 0.5 ml of reservoir solution. Dark green rectangular crystals appeared after three days at the higher PEG concentrations, but the best diffracting crystals appeared after 1 month at the lower PEG concentrations.
For cryogenic protection, the crystals were moved to a solution containing 50 mM di-potassium phosphate, 50 mM Tris (pH 8), 20% PEG400, 2% glycerol and 2 mM L-glutathione. After a brief incubation, the crystals were soaked sequentially in the same buffer containing 5 and 10% glycerol and immediately frozen in liquid nitrogen. X-ray diffraction data were collected at the European Synchrotron Radiation Facility (ID23-2, ID23-1, ID-29 and MASSIF-3), the Swiss Light Source (PXI, PXII and PXIII) and BESSYII.
Data collection and processing. Single-wavelength anomalous diffraction phasing of PSI. Data sets were collected at the iron edge (1.74 Å). Since a strategy based on merging data from multiple crystals was chosen, we collected a large number (179) of partial data sets (each in a single 30°sweep) from crystals which diffract to low resolution (∼3.7 Å). The inclusion of measurements originating from multiple crystals, oriented differently in the beamline, minimizes systematic errors. The amount of data collected from each crystal represents a compromise between radiation damage, resolution and the need to obtain a sufficient number of common reflections to be used in the subsequent scaling steps.
Clustering of crystals according to various descriptors quantifying either the similarity in unit cell dimensions or diffraction intensities is a well-established technique to discover the best combination of data sets within a large group 40, 41 ( Supplementary Fig. 1a ). We used linear cell variation, defined as the maximum difference between the diagonals of each unit cell 40 . A simpler approach based on generating a ranked list (according to R factors) from all datasets effectively identified all the outliers in the main collection ( Supplementary Fig. 2 ). Both unit cell based cluster analysis and a ranked R-factor list identified a common group of 15 datasets as outliers, whereas the remaining five sets that were rejected according a R-factor criterion were randomly dispersed within the clusters. The final collection of 159 sets clustered into two large and similar clusters (<1% difference in unit cell dimensions Supplementary Fig. 1b) .
Supplementary Table 1 presents statistics from the top 1, 5, 20, 100 and 159 datasets. A steady improvement in all statistical descriptors of the data is apparent as multiplicity increases (Supplementary Table 1 and Supplementary  Fig. 2b ) but only the final dataset could be used to solve the structure using SHELX.
High-resolution data collection. All datasets were collected at the Swiss Light Source, experimental station PXI. Typically, crystals diffracting to high resolution were quite big (0.5-1 mm on their long axis) allowing us to collect data from multiple points along the same crystal. Sweeps of 30-45°were taken at each spot at 0.05°oscillation using slightly attenuated beam set to a wavelength of 1 Å. Typically, each crystal was used to collect 360-720°of data. Ten such datasets were used in generating the final high-resolution dataset.
Phasing and refinement. Substructure searches were conducted using the SHELXC/D/E pipeline HKL2map 42, 43 and successfully identified the three-native iron-sulfur clusters as iron superatoms. The low resolution of the data and the complicated nature of PSI prevented successful auto-building. However, the maps generated by SHELXE were sufficiently good to identify the location of 11 transmembrane helices out of a total of 47 in the final structure. Initial PHASER 44 runs using the SHELXD substructure identified 47 correct sulfur or iron atoms positions out of 110 atoms in the final model (the correlation coefficients between both PHASER and SHELXE maps and the final, refined, model were around 0.5). The phases from PHASER were used together with intensities from the high-resolution data set ('Hi Res' in Supplementary Table 1) in refinement using PHENIX 45 . Refinement using phenix.refine was followed by successive rounds of manual building using COOT and by real space refinement using phenix.real_space_refine 46 .
Förster rate calculation. The Förster energy transfer rate K DA , defined as K DA = C DA k 2 /n 4 R 6 DA , where C DA is a factor calculated from the overlap integral between the donor and acceptor and was estimated in Gradinaru et al. 38 based on reasonable values. Assigning a fixed value for the C AA (chlorophyll a to chlorophyll b transfer), C BA , C AB and C BB implies that variations in individual pigment energies are not taken into account. The value of n, the refractive index, was 1.55 and was also taken from ref. 38 . k 2 is the dipole orientation factor, defined as k 2 = (μ D ·μ A − 3(μ D ·R DA )(μ A ·R DA )) 2 ,μ A andμ D are the dipole unit vectors (taken as the vector between the NB and ND atoms of the specific chlorophyll molecule), andR DA is the distance between the two pigments (taken as the magnesium to magnesium distance between each pair of chlorophylls). The relatively large distances between LHCI pigments and PSI pigments (Table 1) make these pigment pairs a good candidate for a simple, non-coherent, dipole to dipole energy transfer model. The calculation was carried out using an R script.
Data availability. The structure factors and model were deposited in the PDB under accession number: 5L8R. Additional materials are available from the corresponding author on request.
